Silvia Erika Kober, Guilherme Wood, "Hemodynamic signal changes during saliva and water swallowing: a near-infrared spectroscopy study," J. Biomed. Opt. Abstract. Here, we compared the hemodynamic response observed during swallowing of water or saliva using near-infrared spectroscopy (NIRS). Sixteen healthy adults swallowed water or saliva in a randomized order. Relative concentration changes in oxygenated and deoxygenated hemoglobin during swallowing were assessed. Both swallowing tasks led to the strongest NIRS signal change over the bilateral inferior frontal gyrus. Water swallowing led to a stronger activation over the right hemisphere while the activation focus for saliva swallowing was stronger left lateralized. The NIRS time course also differed between both swallowing tasks especially at the beginning of the tasks, which might be a sign of differences in task effort. Our results show that NIRS is a sensitive measure to reveal differences in the topographical distribution and time course of the hemodynamic response between distinct swallowing tasks and might be therefore an adequate diagnostic and therapy tool for swallowing difficulties.
Introduction
Swallowing is a complex motor behavior that requires voluntary movements as well as involuntary reflexes. 1 Accordingly, functional magnetic resonance imaging (fMRI) studies show that a large network of brain areas including motor and sensory areas, frontal and temporal areas, the cerebellum and brain stem is involved in the swallowing process.
2-5 Different brain lesions lead to difficulties in swallowing, so-called dysphagia. 6 Dysphagia often occurs in neurologic patients. 22% to 65% of neurologic patients (e.g., stroke patients, patients with multiple sclerosis, Parkinson's disease, and traumatic brain injury) are affected by dysphagia. 6 Even neurologic healthy elderly people show dysphagia symptoms. The overall prevalence of dysphagia in the population is about 13.5% to 16%. [7] [8] [9] Dysphagia reduces quality of life and health of affected people dramatically. 6, 8, 10 Neuroimaging tools such as fMRI are often used for the diagnosis of dysphagia as well as for the assessment of the recovery of swallowing functions. 11, 12 Identifying neuronal correlates of swallowing is important to understand the neuronal underpinnings of dysphagia and might be also relevant for its treatment. [13] [14] [15] [16] Although fMRI has a high spatial resolution, fMRI measurements are associated with some disadvantages. For instance, fMRI measurements are expensive, patients have to lie in a narrow and loud scanner during swallowing, movement artifacts can disturb the signal, and fMRI measurements are restricted to the installation site of the scanner. [17] [18] [19] In contrast, near-infrared spectroscopy (NIRS) is a relatively new and noninvasive, costsensitive, and portable technique to measure hemodynamic changes in the outer layer of the cortex. 20 NIRS measures concentration changes of oxygenated hemoglobin (oxy-Hb) and deoxygenated hemoglobin (deoxy-Hb) induced by cortical activation in the brain tissue using light in the near-infrared range, whereas fMRI only measures concentration changes in deoxyHb. 21 An increase in regional cerebral blood flow (rCBF), which is a sign of neuronal activation, goes along with an increase in oxy-and a decrease in deoxy-Hb concentrations. [21] [22] [23] One important advantage of NIRS over fMRI is that the NIRS signal is relatively robust when participants move during the measurement. 24, 25 Especially during swallowing, small head movements are inevitable. Furthermore, during swallowing, participants can sit in a normal upright position for NIRS recordings. When dysphagia patients have to lie in an fMRI scanner during swallowing the probability to choke is exorbitantly high. 26 Compared to fMRI, NIRS also has a much higher temporal resolution. 17 Hence, NIRS is an optimal method to measure changes in brain activation patterns during swallowing, even when deeper brain structures such as the brain stem cannot be measured with NIRS. 20 NIRS studies that investigate the hemodynamic response during swallowing are rare. [14] [15] [16] [27] [28] [29] However, these prior NIRS studies successfully show that changes in cerebral activation during active swallowing can be reliably detected and that the hemodynamic signal changes differ when swallowing distinct fluids (e.g., odorless versus flavored broth, 27 or sour versus sweet versus distilled water 28, 29 ). The strongest NIRS signal changes during swallowing of either water, saliva, or a sucrose solution were found over the bilateral inferior frontal gyrus (IFG). [14] [15] [16] 27, 29 In this study, we investigated whether NIRS is also sensitive enough to reveal differences in the hemodynamic response between swallowing saliva and water. Therefore, we directly compared the NIRS signal change during swallowing of water and saliva in healthy adults. Prior fMRI studies show that there are some differences in brain activation patterns between swallowing water and saliva. 4, 18, [30] [31] [32] [33] However, the cortical networks activated during water and saliva swallowing are generally overlapping. 18 We hypothesized that NIRS might be sensitive enough to reveal the small differences in the hemodynamic brain response between these two swallowing tasks, which have been found in prior fMRI studies. 4, 18, [30] [31] [32] [33] Identifying the hemodynamic response during different swallowing tasks in healthy individuals might be a first step for the application of NIRS in the diagnostics and treatment of dysphagia.
According to prior NIRS studies, we expected that both swallowing tasks generally lead to strong NIRS signal changes over the bilateral IFG. [14] [15] [16] 27, 29 According to the results of prior fMRI studies, we hypothesized that water swallowing should lead to stronger activation patterns over the right hemisphere, whereas saliva swallowing should lead to a more pronounced activation over the left hemisphere. 18, 32, 33 In this context, a meta-analysis by Sörös et al. shows that water swallowing leads to stronger activation patterns over the right hemisphere, e.g., the right insula, compared to saliva swallowing. 18 In contrast, there is evidence that neuronal activation during saliva swallowing is more left lateralized. 32 Furthermore, prior fMRI studies report on an overall greater neural activation in association with voluntary swallowing of saliva compared to water swallowing. 4, 30, 31 Hence, we also expected differences in the extent of the NIRS signal change between the two swallowing tasks especially over the IFG. 4 
Methods

Participants
Sixteen right-handed, healthy young adults (eight male, eight female, mean age = 23.81 years, SE = 0.53) took part in this study. The sample size of the present study is comparable to the sample size of a prior NIRS study, which investigated cortical correlates of execution and imagination of swallowing, that found large effects of η 2 > 0.4 with power values of >99%.
14 The sample sizes of prior fMRI studies that investigated neuronal responses during swallowing water and saliva ranged from 8 to 14 participants. [30] [31] [32] [33] Only Humbert et al. measured 23 participants. 4 Hence, with N ¼ 16 as in the present NIRS study, we should be able to reach comparable power values than these prior fMRI studies.
All participants gave written informed consent. They had normal or corrected-to-normal vision. The study was approved by the Ethics Committee of the University of Graz, Austria (reference number GZ. 39/25/63 ex 2013/14) and is in accordance with the ethical standards of the Declaration of Helsinki.
Swallowing Tasks
Participants should either swallow water or saliva in a randomized order. For the water swallowing task, room-temperature water was drawn through a 3-mm-diameter flexible tubing attached to a 1-l bottle of still mineral water. During the saliva swallowing task, participants were instructed to swallow saliva. The swallowing trials had a duration of 15 s. During this time period, participants swallowed five to six times in average. In sum, 20 water and 20 saliva swallowing trials were performed in a randomized order. Between swallowing trials, a fixation cross appeared at the screen with a variable duration of 28 to 32 s. During these resting trials, participants were instructed to relax and avoid swallowing as much as they could. At the beginning of the experimental session, participants were trained shortly in both swallowing tasks to accustom oneself to the timing of the trials before starting the tasks.
NIRS Recordings and Analysis
Relative concentration changes of oxy-and deoxy-Hb were assessed with a continuous wave system (ETG-4000, Hitachi Medical Co., Japan) using two 4 × 4 optode probe sets (consisting of 16 photodetectors and 16 light emitters) resulting in a total of 48 channels (see Fig. 2 ). The ETG-4000 uses two different wavelengths (695 AE 20 and 830 AE 20 nm). The distance between the mounted optodes was 3 cm. The sampling rate of the NIRS system was set to 10 Hz. Based on previous NIRS studies that investigated hemodynamic signal changes during swallowing, 14 34, 35 were retrieved by MNI coordinates of the NIRS channels, which were assessed using ELPOS (zebris Medical GmbH), a system to determine three-dimensional coordinates of head positions with high accuracy based on the run time measurement of ultrasonic pulses.
Preprocessing of the NIRS raw signal included an artifact correction (criterion for rejection: amplitude of Hb-signal > AE 3 SD; visual inspection) and data filtering with a 0.01-Hz high pass filter to remove baseline drifts and a 0.90-Hz low pass filter to remove cardiac pulsation. 36 Task-related concentration changes of oxy-Hb and deoxy-Hb were referred to a 5-s baseline interval prior to the task (seconds −5 to 0).
Statistical Analysis
The NIRS time series of the two swallowing tasks were segmented and averaged separately. For statistical analysis, oxy-Hb and deoxy-Hb during the task condition were averaged for the time intervals of 0 to 5 s, 5 to 10 s, 10 to 15 s, 15 to 20 s, and 20 to 25 s after task onset.
In a first step, we wanted to know which brain areas were most active (indicated by an increase in oxy-Hb and/or a decrease in deoxy-Hb relative to the baseline interval) during swallowing saliva and water and whether the activation foci varied over time. Therefore, we identified NIRS channels with the strongest signal change during the different swallowing tasks separately for the different time intervals and oxy-and deoxyHb. The averaged oxy-and deoxy-Hb values per time interval were used and statistically compared among all 48 NIRS channels. Simultaneous testing of such a large number of channels escalates the risk of a type I error, and therefore, the proportion of false positives among the channels that are detected as significant was corrected by the false discovery rate (FDR) method. 37 For the FDR analysis, the averaged NIRS signals were z-transformed per channel based on the mean and SD of the NIRS signals of all 48 NIRS channels, separately for each of the averaged time intervals and oxy-and deoxy-Hb. The resulting p-values that were calculated from the z-values of each channel were then arranged in ascending order and compared with the critical p-values adjusted in accordance to the FDR method. 37 NIRS channels with p-values smaller than the critical p-values (p < FDR 0.10) were considered as significant. Using the FDR method, we identified NIRS channels that showed the strongest NIRS signal change during the water and saliva swallowing tasks separately for the different time intervals.
In a second step, we investigated event-related signal changes of the NIRS signal (temporal analysis of oxy-and deoxy-Hb). Hence, we did not only focus on the mean amplitude of the NIRS signal for different time intervals such as in the first analysis step, we were also interested in the shape of the NIRS signal change elicited by different swallowing tasks.
Comparably to the standard analysis of fMRI data, we used a general linear model approach. Therefore, we modeled the hemodynamic response and compared the observed NIRS signal change (observed hemodynamic response) with a mathematical model of the hemodynamic response. 38 Hence, the functional timeline of the NIRS signal was regressed to a hemodynamic response function (HRF) that mimics the actual hemodynamic response. 39 The hemodynamic response was decomposed into its components evoked by the swallowing tasks. Based on previous NIRS studies, which investigated the hemodynamic response during swallowing, we chose channels over the IFG (1, 4, 27, 31) for this analysis. [14] [15] [16] The NIRS signal was decomposed separately for these NIRS channels using the canonical HRF. The HRF was defined as the difference of two Gamma functions (alpha 1 = 6, alpha 2 = 16, beta 1 and 2 = 1, and c ¼ 1∕16, with 32 time bins 40 ). The HRF was interpolated to the natural acquisition rate of NIRS data 10 Hz yielding a total of 300 time points (s 0 to 30 after task onset, see Fig. 1 ). The HRF was convolved with a square function with a 30-s duration. 41 The resulting beta coefficients are the estimates resulting from the regression analysis that have been standardized so that the variances of dependent and independent variables are 1. A high positive beta coefficient means that the observed hemodynamic response (NIRS time course) closely follows the idealized time course of the mathematical model of the hemodynamic response. If the beta coefficient is near 0, there is little to no relationship between the observed and the modeled HRF. A negative beta coefficient means that the course of the observed and the modeled hemodynamic response are inversely related. The beta coefficients per participant and condition were analyzed in a 2 × 2 analysis of variance (ANOVA) design with the within-subject factors task (water versus saliva swallowing task) and channel (left versus right IFG). 
Results
The FDR analysis revealed that the strongest signal change in oxy-and deoxy-Hb could be observed over channels 1, 4, 27, and 31 in both swallowing tasks. These channel locations corresponded to the bilateral IFG (channels 1 and 4 to the left IFG, channels 27 and 31 to the right IFG 14, 16 ). No other channels showed significant activation changes. Table 1 summarizes the results of the FDR analysis for the different time intervals. At the beginning of the water swallowing task (s 0 to 10), oxy-Hb significantly increased over the right IFG (channel 31). At the end of the water swallowing task (s 10 to 15) and directly after water swallowing (s 15 to 20), increases in oxy-Hb were most pronounced over the bilateral IFG. In the saliva swallowing task, oxy-Hb decreased initially over the right IFG (channel 27). During saliva swallowing (s 10 to 15), the strongest increase in oxy-Hb was observed over the left IFG (channel 4). After saliva swallowing (s 15 to 25), relative increases in oxy-Hb were highest bilaterally ( Table 1) .
Deoxy-Hb initially increased over the right IFG when swallowing water (s 0 to 5, channel 27). After the water swallowing task (s 20 to 25), deoxy-Hb decreased significantly in this condition. In the saliva swallowing task, deoxy-Hb decreased already during the task (s 10 to 15) as well as after the task (s 15 to 25), especially over the left IFG (channels 1 and 4).
The time course of the NIRS signal changes during the swallowing tasks is shown in Fig. 1. Figure 2 shows the topographical distribution of the NIRS signal changes during water and saliva swallowing. As one can see in Fig. 2 , the strongest NIRS signal changes (increase in oxy-Hb and decreases in deoxy-Hb) were observed over the bilateral IFG (channels 1, 4, 27, and 31) for both, saliva and water swallowing, as also revealed statistically by the FDR analysis. The time course of oxy-Hb differed between saliva and water swallowing especially during the first 5 s, whereas the time course of deoxy-Hb differed between both swallowing tasks during the whole task period (Figs. 1 and 2) .
The beta coefficients for oxy-Hb were analyzed in a 2 × 2 ANOVA design with the within-subject factors task (water versus saliva swallowing task) and channel (ch 4 versus ch 31). For the analysis of oxy-Hb, we only chose channels 4 (left IFG) and 31 (right IFG) since FDR analysis indicated that the oxy-Hb signal changes were strongest for these two channels. The main-effect task was significant [Fð1;15Þ ¼ 4.5, p < 0.05, η 2 ¼ 0.23]. Post hoc tests revealed that the beta coefficients for oxy-Hb were higher during the saliva (M ¼ 0.23; SE ¼ 0.05) than during the water swallowing task (M ¼ 0.15; SE ¼ 0.03). This means a stronger event-related response for oxy-Hb during saliva than during water swallowing.
Statistical analysis of the beta coefficients for deoxy-Hb also consisted of a 2 × 2 ANOVA design with the within-subject factors task (water versus saliva swallowing task) and channel (ch 1 versus ch 27). For the analysis of deoxy-Hb, we chose channels 1 and 27 since FDR analysis indicated that the deoxy-Hb signal changes were strongest in these two channels. No significant effects were found. Figure 3 shows the beta coefficients for oxy-Hb separately for channels 1, 4, 27, and 31.
Discussion
In this study, we investigated the hemodynamic response assessed with NIRS during swallowing of water and saliva. Overall, both tasks led to the strongest NIRS signal change over the bilateral IFG. Besides this overlap in activation, some differences in the topographical distribution and time course of the NIRS signal between these two tasks were observed.
In general, both swallowing tasks led to the strongest NIRS signal changes over the bilateral IFG as revealed by the FDR analysis. This is in line with prior NIRS studies that investigated NIRS signal changes during either a water swallowing task 14, 16 or saliva swallowing. 15 The IFG including Broca's area is associated with sensations of the mouth and pharynx. 42 It is involved in motor speech production but also in the control of nonspeech or orofacial sensorimotor behaviors. 5, 13 Relative concentration changes in the NIRS signal over this brain region might be also caused by neuronal activation in deeper brain areas, such as the insula. The insula receives afferent inputs from many different brain regions, which are active during swallowing, and is therefore strongly involved in the swallowing process. 5, 13, 18, 42, 43 NIRS can only assess changes in hemodynamic responses a few centimeters (0.5 to 3 cm) from the surface of the head. 14, 42 Nevertheless, activation changes in deeper brain structures such as the insula might also influence relative concentration changes in oxy-and deoxy-Hb assessed over the IFG using NIRS. 44, 45 Summing up, both swallowing tasks activated the IFG in a comparable way.
When swallowing water, oxy-Hb strongly increased over the right IFG directly after task onset. In contrast, when swallowing saliva, oxy-Hb decreased over the right IFG during the first 5 s after task onset. Afterward, oxy-Hb increased in a comparable manner than during water swallowing. Probably, this delayed increase in oxy-Hb during swallowing saliva might be a sign of differences in task demands. Swallowing saliva might have been more effortful with lower sensory stimulation in the oropharynx than swallowing water, which might also explain the stronger event-related responses for oxy-Hb during saliva than during water swallowing. 4, 30, 31 Humbert et al. also found that swallowing saliva elicited a stronger blood oxygenation level dependent response assessed with fMRI in regions important for swallowing than swallowing water. The authors argue that swallowing saliva is more difficult to produce after repeated, sequential dry swallows where saliva is gradually diminished, involving more lingual pressure generation. 4, 46 This increased effort during swallowing saliva might lead to stronger neuronal activation over the IFG and consequently to a higher consumption of oxy-Hb at the beginning of the swallowing task as found in this study. This resulted in an initial decrease in oxy-Hb over the IFG during saliva swallowing. Such an initial decrease in oxy-Hb caused by neuronal activation is generally described as "initial dip." 47, 48 Deoxy-Hb also increased during water swallowing especially over the right IFG directly after task onset. After water swallowing, deoxy-Hb decreased bilaterally. This is in line with prior NIRS studies that also investigated the NIRS response during a water swallowing task. 14, 16 For the saliva swallowing task, we observed a steady decrease in deoxy-Hb after task onset especially over the left IFG. A stronger decrease in deoxyHb in the saliva swallowing condition compared to water swallowing might be also explained by the stronger sensorimotor demands in the saliva compared to the water swallowing task, which lead to stronger neuronal activation during swallowing saliva. 4, 21 During water swallowing, the NIRS signal change was strongest over the right IFG, whereas during saliva swallowing the signal change was most pronounced over the left IFG. These differences in the topographical distribution are in line with findings of prior fMRI studies. In a meta-analysis, Sörös et al. also found comparable lateralization effects. They report an inherent right hemispheric dominance for water swallowing. The different properties of saliva and water might explain differences in sensorimotor processing and motor responses required to swallow these distinct fluids and consequently, at least in part, differences in lateralization. Water is generally more voluminous and colder than saliva. Water also might evoke gustatory sensations leading to a stronger right hemispheric activation. 18 In an fMRI study, Martin et al. found a strong left lateralized activation during saliva swallowing. The authors also report 3 Beta coefficients for oxy-Hb for the water (left) and saliva (right) swallowing tasks, presented separately for channels over the left (channels 1 and 4, black bars) and right (channels 27 and 31, gray bars) IFG, which showed the strongest signal changes during the tasks compared to all other NIRS channels. There was an overall significant stronger event-related response for oxy-Hb during saliva than during water swallowing.
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In line with prior NIRS studies, we found a prolonged time course of the NIRS signal change during both swallowing tasks. For instance, oxy-Hb reached its maximum at the end of the swallowing task (s 15 after task onset, see Fig. 1 ). Prior NIRS studies also report on a prolonged time course of the hemodynamic response for swallowing tasks that exceeds the active task period. [14] [15] [16] 29, 49 When comparing the time course of oxy-and deoxy-Hb during both swallowing tasks, we found that oxy-and deoxy-Hb changed in the opposite direction during saliva swallowing but not during water swallowing (see Figs. 1 and 2 ). According to the mechanism of neurovascular coupling, neuronal activation is coupled with increases in rCBF, which in turn is accompanied by increases in cerebral blood volume via volumetric expansion in vessels already perfused or by increasing the portion of vessels actually perfused. An increase in rCBF typically goes along with increases in oxy-Hb. [21] [22] [23] Changes in oxy-Hb are sensitive indicators of changes in rCBF. In contrast, the direction of changes in deoxy-Hb is determined by the degree of changes in venous blood oxygenation and volume. 22 This indicates that although it is theoretically assumed that increases in oxy-Hb go along with decreases in deoxy-Hb, 21, 50 oxy-and deoxy-Hb measure partly different physiological processes. Empirical studies also show that oxy-and deoxy-Hb often change in the same direction. [14] [15] [16] 22, 51 Hence, oxy-and deoxyHb are somehow related, but that does not mean that both signals always show relative concentration changes in opposite directions. 22 In this study, we found that oxy-and deoxy-Hb changed in the opposite direction during saliva swallowing ( Figs. 1 and 2) . During water swallowing, oxy-and deoxyHb increased, although oxy-Hb showed a later peak activation than deoxy-Hb (Fig. 1) . Hence, our present results support the fact that oxy-and deoxy-Hb measure partly different physiological processes and therefore are not necessarily inversely related.
Conclusion and Future Directions
Here, we showed that NIRS is an appropriate method to investigate the topographical distribution as well as the time course of the hemodynamic response during distinct swallowing tasks. Using NIRS, we replicated prior fMRI findings concerning cortical correlates of swallowing water and saliva. Furthermore, the higher temporal resolution of NIRS compared to fMRI allowed a more fine-tuned analysis of the time course of the hemodynamic response during swallowing. Accordingly, we detected differences in the time course of the NIRS signal between the two swallowing tasks. Furthermore, NIRS assesses changes in oxy-and deoxy-Hb, whereas fMRI only assesses changes in deoxy-Hb. 21 Our results show that both signals differ between the saliva and water swallowing task in a specific manner. Hence, evaluation of the hemodynamic response during swallowing might be more accurate when using relative concentration changes of both oxy-and deoxy-Hb, rather than either species alone.
Since NIRS is a relative robust, cheap, user-friendly, and portable technique that enables mobile and easy assessment of the hemodynamic response in patient populations, our results indicate that NIRS might be an adequate future diagnostic and assessment tool for patients with dysphagia. 15, 16, 53, 54 With NIRS, we were able to reveal differences in brain activation patterns underlying diverse swallowing tasks. Furthermore, real-time feedback about the level of activation in swallowing-related brain areas using NIRS might be used as future treatment of swallowing disorders.
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